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(57) ABSTRACT 

Methods are provided for aligning carbon nanotubes and for 
making a composite material comprising aligned carbon 
nanotubes. The method for aligning carbon nanotubes com 
prises adsorbing magnetic nanoparticles to carbon nano 
tubes dispersed in a ?uid medium to form a magnetic 
particle-carbon nanotube composite in the ?uid medium; 
and exposing the composite to a magnetic ?eld effective to 
align the nanotubes in the ?uid medium. The method for 
making a composite material comprising aligned carbon 
nanotubes comprises (1) adsorbing magnetic nanoparticles 
to carbon nanotubes to form a magnetic particle-carbon 
nanotube composite; (2) dispersing the magnetic particle 
carbon nanotube composite in a ?uid matrix material to form 
a mixture; (3) exposing the mixture to a magnetic ?eld 
effective to align the nanotubes in the mixture; and (4) 
solidifying the ?uid matrix material to form a nanotube/ 
matrix material composite comprising the aligned nanotubes 
Which remain aligned in the absence of said magnetic ?eld. 
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ALIGNMENT OF CARBON NANOTUBES USING 
MAGNETIC PARTICLES 

BACKGROUND OF THE INVENTION 

[0001] This invention relates generally to carbon nano 
tubes, and more particularly to methods for aligning carbon 
nanotubes in the production of composite materials. 

[0002] Carbon nanotubes have attracted the attention of 
materials scientists and engineers in connection With the 
production of composite materials, since their recent dis 
covery. See, e.g., Dresselhaus, et al., in Graphite Fiber and 
Filament (M. Cardon, Ed.) (Springer, Berlin 1988). Acarbon 
nanotube possesses unique physical properties With a very 
high length to diameter ratio, such that it is one of the 
strongest ?bers knoWn. Both single Wall and multiWall 
nanotubes have very high Young’s modulus, stiffness, and 
?exibility as demonstrated by experimental studies and 
theoretical modeling. See Tracy, et al., Nature, 3811678 
(1996); Loirie, et al., J. Mat. Res. 131 2418 (1998). The 
nanotube has an elastic modulus of about 1-2 Tpa, Whereas 
that of an ordinary carbon ?ber is about 750 Gpa. It is 
believed that this unique property can make carbon nano 
tubes highly useful in the production of composite materials 
and other ultrastrong materials. See Garg, et al., Chem. Phys. 
Lett. 2951273 (1998); Ajayan, et al.,Aa'v. Materials 121750 
(2000); Ni, et al., Phys. Rev. B 611R1613 (2000). 

[0003] Uniform polymeric nanotube composites have 
been produced by a solution evaporation technique assisted 
by high-energy sonication, With thin homogeneous ?lms 
(200 to 500 nm) produced by spin coating a feW drops of the 
solution onto glass. See Stephan, et al., Synthetic Metals 
108:139-49 (2000); Qian, et al., Appl. Phys. Lett. 
76(20):2868-70 (2000). Nanotube composites can also be 
produced in the form of ?bers. The ?bers can be produced 
by extrusion (AndreWs, et al.,Appl. Phys. Lett. 75(9)11329 
31 (1999)) or draWing (Kumar, et al., Polymer 4311701-03 
(2002)), Where mechanical shear is used to orient bundles of 
nanotubes. It is dif?cult, hoWever, to produce Well-dispersed 
carbon nanotubes in a polymer, because the amount of 
nanotubes used in either the dispersion or the extrusion 
technique is very small compared to the amount of polymer. 
Aligned carbon nanotubes also have been produced in a 
polymer matrix using electrochemical synthesis. See Chen, 
et al., Appl. Phys. A, 731129-31 (2001). 

[0004] The ability to enforce a preferred alignment of 
carbon nanotubes in composites is important to draW anis 
tropic behavior from them. See Bermejo, et al., J. Amer. 
Ceramic Soc. 781365-68 (1995); HolloWay, et al., J. Mat. 
Res. 8 (April 1993). Various techniques for aligning nano 
tubes have been reported, such as carbon arc discharge 
(Wang, et al.,Appl. Phys. Lett. 6211881 (1993)), clipping of 
epoxy resins (Ajayan, et al., Science 26511212 (1994)), 
rubbing of ?lms (de Heer, et al., Science 2681845 (1995)), 
chemical vapor deposition (Li, et al., Science 27411701 
(1996); Kyotani, et al., Chem. Mater 812109 (1996); Fan, et 
al., Science 2831512 (1999)), and mechanical stretching of 
nanotubes in a polymer matrix (Jin, et al., Appl. Phys. Lett. 
7311997 (1998)). Magnetic orientation based on difference 
in magnetic susceptibility betWeen the carbon nanotubes and 
the polymer has also been reported (Smith, et al.,Appl. Phys. 
Lett. 771663-65 (2000); Fujiwara, et al., J. Phys. Chem. 
105(18)14383-86 (2001)). HoWever, the magnetic suscepti 
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bility of both the polymer and the carbon nanotubes is very 
Weak, on the order of 10-6 (Chauvet, et al., Phys. Rev. B 
52(10)16963-36 (1995)), and requires high magnetic ?elds, 
e.g., about 15-25 tesla, to induce the orientation. Such a 
process is expensive and uneconomical for industrial appli 
cations, such as the manufacture of polymeric composites. It 
therefore Would be desirable to provide improved and less 
costly methods for aligning carbon nanotubes. It Would 
further be desirable to be able to use less poWerful (i.e., 
producing Weaker magnetic ?elds), more readily available 
and easy to use magnets to induce alignment of carbon 
nanotubes in making composite materials. 

[0005] Several methods have been reported for chemical 
modi?cation of nanotubes. These include silaniZation 
(Velasco-Santos, et al., Nanotechnology 131495 (2002)) and 
electrochemical modi?cation (KneZ, et al., J. Electroana. 
Chem. 522170 (2002)). It Would be desirable to provide 
improved nanotube alignment techniques that avoid chemi 
cally modifying the carbon nanotube. 

SUMMARY OF THE INVENTION 

[0006] Methods are provided for aligning carbon nano 
tubes by adsorbing magnetic nanoparticles to the carbon 
nanotubes and for making composite materials comprising 
aligned carbon nanotubes in a matrix material. 

[0007] In one aspect, the method for aligning carbon 
nanotubes comprises adsorbing magnetic nanoparticles to 
carbon nanotubes dispersed in a ?uid medium to form a 
magnetic particle-carbon nanotube composite in the ?uid 
medium; and then exposing the composite to a magnetic 
?eld effective to align the nanotubes in the ?uid medium. In 
another aspect, a method is provided for making a composite 
material comprising aligned carbon nanotubes. The method 
comprises (1) adsorbing magnetic nanoparticles to carbon 
nanotubes to form a magnetic particle-carbon nanotube 
composite; (2) dispersing the magnetic particle-carbon 
nanotube composite in a ?uid matrix material to form a 
mixture; (3) exposing the mixture to a magnetic ?eld effec 
tive to align the nanotubes in the mixture; and (4) solidifying 
the ?uid matrix material to form a nanotube/matrix material 
composite comprising the aligned nanotubes Which remain 
aligned in the absence of said magnetic ?eld. 

[0008] In certain embodiments of the methods, the mag 
netic nanoparticles comprise iron, nickel, cobalt, or an alloy 
thereof. In one embodiment, the magnetic nanoparticles 
comprise magnetite or maghemite. In one embodiment, the 
Weight ratio of the magnetic nanoparticles to the carbon 
nanotubes in the matrix material is betWeen about 10011 and 
112. 

[0009] In one embodiment, the ?uid medium, or the 
matrix material, comprises a polymer, copolymer or blend 
thereof. In other embodiments, the matrix material com 
prises a gel, a ceramic, or a metal. 

[0010] In one embodiment of the method, the ?uid matrix 
material comprises a matrix material at a temperature above 
its melting temperature and the solidifying step comprises 
cooling the matrix material beloW its melting temperature. 
In one particular variation of this method, the matrix mate 
rial comprises a thermoplastic polymer. 

[0011] In another embodiment of the method, the ?uid 
matrix material comprises a solution of a matrix material 
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dissolved or dispersed in a solvent and the solidifying step 
comprises removing the solvent. 

[0012] In yet another embodiment of the method, the ?uid 
matrix material comprises a crosslinkable matrix material 
and the solidifying step comprises a reaction Which 
crosslinks the matrix material. In one particular variation of 
this method, the matrix material comprises a polymer or 
polymer precursor, such as an epoxy resin. In a further 
embodiment, the ?uid matrix material comprises a matrix 
material at a temperature beloW the temperature effective to 
initiate cross-linking of the matrix material and the solidi 
fying step comprises heating the ?uid matrix material to a 
temperature and for a time effective to cause the matrix 
material to self-cross link. 

[0013] In another aspect, a composite material is provided, 
Which comprises a matrix material, aligned carbon nano 
tubes in at least a portion of the matrix material, and 
magnetic nanoparticles adsorbed to the carbon nanotubes. In 
one embodiment, the matrix material comprises a polymer. 
In another embodiment, the magnetic nanoparticles com 
prise iron, nickel, cobalt, or an alloy thereof. 

BRIEF DESCRIPTION OF THE FIGURES 

[0014] FIG. 1 is a STEM micrograph shoWing magnetic 
nanoparticles attached to carbon nanotubes. 

[0015] FIG. 2 is a STEM micrograph shoWing aligned 
carbon nanotubes in a polymer composite made using the 
magnetic process described herein. 

[0016] FIG. 3 is a ESEM micrograph shoWing unaligned 
carbon nanotubes in a polymer composite made Without 
using the magnetic process described herein. 

[0017] FIG. 4 is another ESEM micrograph shoWing 
unaligned carbon nanotubes in a polymer composite made 
Without using the magnetic process described herein. 

DESCRIPTION OF THE INVENTION 

[0018] Methods have been developed for inducing pre 
ferred orientation of magnetic nanotubes by physically 
attaching magnetic nanoparticles to the surface of the carbon 
nanotubes. The physical attachment of nanomagnetic par 
ticles With the carbon nanotubes enables easier and better 
alignment of the nanotubes in a Weak magnetic ?eld. In one 
embodiment, the aligned carbon nanotubes are provided in 
a matrix material, forming a composite structure. 

[0019] The attachment is believed to be by physical 
adsorption, as the carbon nanotubes have a strong physical 
adsorption capacity due to Van der Waals forces on the 
nanotubes. The strong Van der Waals force exerted by the 
surface of the nanotubes can physically attach iron oxide 
onto almost all of its available surface. This level of attach 
ment is due to the graphene sheet structure of the nanotubes, 
Which provides a large surface area. It has been reported that 
nanotubes only interact by Vander Waals force to attach With 
a substrate and that the elastic deformation caused by this 
attachment is considerable. See Hertel, et al., Phys. Rev. B 
58113870 (1998). Accordingly, it has been concluded that 
the Van der Waals interaction betWeen the nanotubes and the 
surfaces on Which they rest is strong enough itself to change 
the shape of the nanotubes. 
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[0020] As used herein, the terms “comprise,”“comprising, 
”“include,” and “including” are intended to be open, non 
limiting terms, unless the contrary is expressly indicated. 

[0021] Methods of Nanotube Alignment and Composite 
Production 

[0022] In one aspect, a method is provided for aligning 
carbon nanotubes. One embodiment of the method com 
prises (1) adsorbing magnetic nanoparticles to carbon nano 
tubes dispersed in a ?uid medium to form a magnetic 
particle-carbon nanotube composite in the ?uid medium; 
and (2) exposing the composite to a magnetic ?eld effective 
to align the nanotubes in the ?uid medium. 

[0023] In another aspect, a method is provided for making 
a composite material comprising such aligned carbon nano 
tubes. One embodiment of the method comprises (1) adsorb 
ing magnetic nanoparticles to carbon nanotubes to form a 
magnetic particle-carbon nanotube composite; (2) dispers 
ing the magnetic particle-carbon nanotube composite in a 
?uid matrix material to form a mixture; (3) exposing the 
mixture to a magnetic ?eld effective to align the nanotubes 
in the mixture; and (4) solidifying the ?uid matrix material 
to form a nanotube/matrix material composite comprising 
the aligned nanotubes Which remain aligned in the absence 
of said magnetic ?eld. 

[0024] In one embodiment, the ?uid medium (as recited in 
the ?rst method) is a ?uid matrix material (as recited in the 
second method). 
[0025] A variety of techniques can be selected for ?uidi 
Zation and solidi?cation of the matrix material. In one 
embodiment, the ?uid matrix material comprises a matrix 
material at a temperature above its melting temperature and 
the solidifying step comprises cooling the matrix material 
beloW its melting temperature. For example, the matrix 
material could be melted, the nanoparticles-nanotube com 
posite dispersed in the liquid matrix material, and then the 
mixture subjected to a magnetic ?eld to align the nanotubes 
and While cooling the matrix material to solidify it suf? 
ciently to maintain nanotube alignment. This method can be 
used for thermoplastic polymer matrix materials, as Well as 
metals and glasses. 

[0026] In another embodiment, the ?uid matrix material 
comprises a solution of a matrix material dissolved or 
dispersed in a solvent and the solidifying step comprises 
removing the solvent. This method can be used for a variety 
matrix materials, including polymers and metals. One 
skilled in the art can select a suitable solvent/non-solvent 
system for a particular polymer based, at least in part, on the 
polymer’s solubility at ambient and elevated temperatures. 

[0027] In yet another embodiment, the ?uid matrix mate 
rial comprises a crosslinkable matrix material and the solidi 
fying step comprises a reaction Which crosslinks the matrix 
material. For example, the ?uid matrix material could com 
prise a matrix material at a temperature beloW the tempera 
ture effective to initiate cross-linking of the matrix material, 
and then the ?uid matrix material could be heated to a 
temperature and for a time effective to cause the matrix 
material to self-crosslink. These methods could be used With 
thermoset polymers and polymer precursors, such as 
epoxies. 
[0028] In other embodiments, the nanotubes With 
adsorbed magnetic particles are incorporated into a gel, a 
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metal, or a ceramic matrix material. As long the magnetic 
force is greater than the viscous force of the ?uidized matrix 
material (e.g., any liquid material that Will solidify), then the 
carbon nanotubes With adsorbed magnetic particles Will 
align. 

[0029] The Magnetic Nanoparticles 

[0030] As used herein, the term “magnetic nanoparticles” 
includes magnetic, paramagnetic, and superparamagnetic 
materials. The nanoparticles can comprise iron, nickel, 
cobalt, and/or their alloys. In one embodiment, the nano 
particles comprise or consist essentially of an iron oxide, 
such as magnetite or maghemite (7»Fe2O3). In other embodi 
ments, the magnetic nanoparticles comprise an alloy or a 
mixture of elemental materials. For example, the magnetic 
nanoparticles can comprise iron-neodymium-boron nano 
particles. 
[0031] In one embodiment, the nanoparticles have an 
average diameter betWeen about 3 nm and about 100 nm. In 
another embodiment, the nanoparticles have an average 
diameter betWeen and including 5 and 50 nm. In still another 
embodiment, the nanoparticles have an average diameter 
betWeen 5 and 10 nm. 

[0032] The Carbon Nanotubes 

[0033] As used herein, the terms “carbon nanotube” and 
the shorthand “nanotube” refer to carbon fullerene, a syn 
thetic graphite, Which typically has a molecular Weight 
between about 840 and greater than 10 million. Carbon 
nanotubes are commercially available, for example, from 
Carbon Nanotechnologies, Inc. (Houston, Tex. USA), or can 
be made using techniques knoWn in the art. 

[0034] The amount of magnetic nanoparticles adsorbed to 
the carbon nanotubes can vary. The amount can depend, for 
example, on the surface area of the nanotube that is available 
for adsorption. For instance, if the single Wall nanotube is a 
bundle of nanotubes rather than a single tube, then the 
available surface area is less than a single tube Where both 
sides (i.e., inside and outside of tube) are available for 
attachment. In one embodiment, the ratio of the magnetic 
nanoparticles to the carbon nanotubes in the ?uid medium or 
matrix material is about 1:1 by Weight. In another embodi 
ment, the ratio by Weight of the magnetic nanoparticles to 
the carbon nanotubes in the ?uid medium or matrix material 
is betWeen about 100:1 and about 1:2. 

[0035] Adsorption of the nanoparticles to the nanotubes is 
effected by bringing the tWo materials into intimate contact 
With one another, for example in a ?uid medium. This 
preferably is done by dispersing the nanoparticles and 
nanotubes in a nonsolvent liquid medium and then vigor 
ously mixing the dispersion, such as by sonication tech 
niques knoWn in the art. 

[0036] As used herein, the term “nonsolvent” refers to 
liquid media that essentially are non-reactive With the nano 
tubes and in Which the nanotubes are virtually insoluble. 
Examples of suitable nonsolvent liquid media include vola 
tile organic liquids, such as acetone, ethanol, methanol, and 
n-hexane. LoW-boiling point solvents are typically preferred 
so that the solvent can be easily and quickly removed from 
the matrix material. 

[0037] In one embodiment, the adsorption step includes 
chemically activating sites on the carbon nanotubes that can 
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attach to the nanoparticles. In another embodiment, the 
adsorption step includes inserting into the annular opening 
of the nanotubes a quantity of nanoparticles that have a 
smaller diameter than the inner diameter of the nanotubes. 

[0038] The Magnetic Field 

[0039] The magnetic ?eld can be induced using simple 
magnets or other equipment Well knoWn in the art. The 
magnetic ?led strength needed for effective alignment of the 
nanotubes can vary depending, for example, upon the 
amount of magnetic material attached to the nanotubes, the 
viscosity of the ?uid medium, and the distance betWeen the 
magnetic ?eld and the ?uid medium. The basic principle that 
alloWs this method to Work is a balance betWeen the mag 
netic force generated by the applied ?eld (Which is a 
function of the magnetic susceptibility, the volume of the 
magnetic material, the magnetic ?eld, and the magnetic ?eld 
gradient) and the resistance force (Which is directly propor 
tional to the viscous resistance of the ?uid medium). In one 
embodiment, the strength of the magnetic ?eld is betWeen 
about 0.5 and about 1 T, inclusive of these end points. 

[0040] Matrix Material 

[0041] A Wide variety of materials can be used as the 
matrix material. Selection of the appropriate material 
depends on the end use of the composite as Well as the 
particular techniques employed to ?uidiZe and solidify the 
matrix material. Examples of suitable matrix materials 
include polymers, ceramics, glasses, metals, alloys, and 
other composites. In one embodiment, the matrix material is 
amorphous. In another embodiment, the matrix material is 
crystalline. 

[0042] In one embodiment, the matrix material is poly 
meric. That is, it comprises one or more oligomers, poly 
mers, copolymers, or blends thereof. In one embodiment, the 
matrix material comprises a thermoplastic polymer. In 
another embodiment, the matrix material comprises a ther 
moset polymer, such as phenol formaldehyde resins and urea 
formaldehyde resins. Examples of polymers suitable for use 
in the process include polyole?ns, polyesters, nonpeptide 
polyamines, polyamides, polycarbonates, polyalkenes, poly 
vinyl ethers, polyglycolides, cellulose ethers, polyvinyl 
halides, polyhydroxyalkanoates, polyanhydrides, polysty 
renes, polyacrylates, polymethacrylates, polyurethanes, and 
copolymers and blends thereof. 

[0043] In one embodiment, the ?uid matrix material com 
prises a polymer precursor or a crosslinkable material. As 
used herein, the term “polymer precursor” refers to mono 
mers and macromers capable of being polymeriZed. As used 
herein, the term “crosslinkable material” refers to materials 
that can crosslink With themselves or With another material, 
upon heating or addition of a catalysts or other appropriate 
initiator. In one preferred embodiment, the polymer precur 
sor comprises an epoxy resin. In another embodiment, the 
polymer precursor comprises a cyanoacrylate. 

[0044] The matrix material may further include one or 
more additives. Examples include as binding agents, surfac 
tants, and Wetting agents to aid in dispersing the nanotubes 
in the matrix material. 
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[0045] Nanotube/Matrix Material Composite and Uses 
Thereof 

[0046] Composite materials are provided that comprises a 
matrix material, aligned carbon nanotubes in at least a 
portion of the matrix material, and magnetic nanoparticles 
adsorbed to the carbon nanotubes. The carbon nanotubes can 
be single Wall or multiWall. The carbon nanotubes can be 
dispersed (heterogeneously or homogeneously) throughout 
the matrix material or can be located only in one or more 
regions, layers, or surfaces of a particular composite struc 
ture. In one embodiment, the matrix material comprises a 
polymer. In another embodiment, the magnetic nanopar 
ticles comprise iron, nickel, cobalt, or an alloy thereof. 

[0047] The methods described herein enable the alignment 
of carbon nanotubes using relatively inexpensive, Weak, 
commercially available magnets. This enables the produc 
tion and use of aligned nanotube/matrix material composites 
in a Wide variety of structures for a range of different 
industries and applications. Examples possible uses include 
high strength, lightWeight, structural members (e.g., for 
automotive body parts, athletic equipment, spacecraft), 
nanoelectronics, fuel cells (e.g., for the storage of hydrogen), 
and optical equipment and video displays (e.g., ?eld emis 
sion displays). In one embodiment, the nanotube composite 
material is used in organic transistors, such as polyaniline 
doped single Wall nanotubes. Nanotube-metal matrix mate 
rials can be used to make extremely strong structural mate 
rials for aircraft and spacecraft and for long poWer-trans 
mission lines and suspension bridges. 

[0048] In one embodiment, the nanotube/matrix material 
mixture, While the matrix material is in its ?uidized state, is 
applied as a coating onto a substrate of another material and 
then is exposed to the magnetic ?eld While the coating 
composition is solidi?ed to maintain a desired alignment 
direction on the substrate article. 

[0049] The amount of magnetic particle-carbon nanotube 
composite dispersed in the nanotube/matrix material com 
posite can vary, depending on the desired physical properties 
of the particular composite and the particular use of the end 
product. The amount of magnetic particle-carbon nanotube 
composite present in the nanotube/matrix material compos 
ite can be betWeen about 0.1% and 99.9%, but more typi 
cally is betWeen about 1% and 50%, of the total dry Weight 
of the nanotube/matrix material composite. 

[0050] The methods and compositions can be further 
understood With the folloWing non-limiting examples. 

EXAMPLE 1 

Preparation of Single Wall Nanotubes-Magnetite 
Composite 

[0051] Iron oxide Was prepared by a conventional copre 
cipitation procedure. Ferrous chloride and ferric chloride 
Were added in 2:1 molar proportion and precipitated by 10 
M NaOH solution. The iron oxide precipitate Was sonicated. 
The siZe range of the particles Was 6 nm to 30 nm. Then, 
0.10 mg of single Wall nanotubes (“SWNTs”) (obtained 
from Carbon Nanotechnologies, Inc., Houston, Tex.) Was 
dispersed in methanol by ultrasonication. The magnetite 
precipitate in alkaline medium Was added to the SWNT 
dispersion, and the resulting mixture Was thoroughly stirred. 

Oct. 27, 2005 

A SWNT-magnetite composite Was formed almost immedi 
ately, With the strong adsorption capacity of the SWNTs 
promoting the attachment of the magnetite particles to the 
SWNTs. The composite Was attracted by 0.5 T magnets. No 
attraction of the nanotubes toWards magnets Was observed 
for nanotubes Without adsorbed magnetic particles. 

EXAMPLE 2 

Preparation of Polymer Composite Comprising 
Single Wall Nanotubes and Magnetite 

[0052] The SWNT-magnetite composite from Example 1 
Was mixed With a commercially available epoxy resin (PR 
2032) and then further crosslinked With a hardener (PH 
3660) at room temperature. The resin and hardener Were 
mixed at a ratio of 3:1. 

[0053] In a ?rst sample, 12 mL of the resin/hardener 
mixture Was thoroughly mixed With 1 mL of the SWNT 
magnetite composite dispersion and placed into a 4 mL 
standard plastic cuvette With a lid. The mixture Was alloWed 
to set for 24 hours, forming a ?rst solid polymeric composite 
block. The block Was release by breaking the cuvette. 

[0054] In a second sample, 12 mL of the resin/hardener 
mixture Was thoroughly mixed With 1 mL of the SWNT 
magnetite composite dispersion and placed into a 4 mL 
standard plastic cuvette With a lid. The cuvette Was placed 
betWeen tWo 0.5 T square-shaped, permanent magnets to 
align the SWNTs, and the mixture Was allowed to set for 24 
hours, forming a second polymeric composite block. 

[0055] Using microtoming, 100 nm and 50 nm ?lms Were 
cut from the tWo blocks. Care Was taken While cutting the 
samples to avoid causing any alignment, as it has been 
reported that the nanotubes in a polymer resin composite can 
be aligned by preferential cutting process (Ajayan, et al., 
Science 265:1212 (1994)). 

[0056] Some of the 50 nm samples Were placed on mica 
foil and atomic force microscopy (“AFM”) Was performed 
on these. 

[0057] Scanning transmission electron microscopy 
(“STEM”) micrographs taken of the 100 nm ?lms from the 
second composite block (FIGS. 1 and 2) shoW (at different 
magni?cations) that the iron oxide coupled With SWNTs 
aligned in the epoxy With the aid of the external magnetic 
?eld. Rope-like bundles of nanotubes With clusters of 
attached iron oxide nanoparticles Were observed. Environ 
mental scanning electron microscopy (“ESEM”) micro 
graphs of the 100 nm ?lms from the ?rst composite block 
(FIGS. 3 and 4) shoW the presence of unaligned SWNTs. 

[0058] Near-infrared Raman spectra of the sample Were 
obtained using a microRamn spectrograph, the JY Horiba 
LabRam HR 800, excited by a TUIO optics DL 100 grating 
stabiliZed 80 mW diode laser emitting at 785 nm. Raman 
spectra for the SWNTs from Carbon Nanotechnology Inc., 
for the SWNT-iron oxide (7»Fe2O3) composite in alkaline 
medium, and the resin Without SWNT Were analyZed. The 
Raman spectra of carbon nanotubes include three important 
regions. The ?rst region of signal is call radial breathing 
mode (RBM) Where the frequency of vibration depends 
directly on the diameters of SWNTs. The second region is 
the tangential mode (TM), Which gives some electronic 
properties of SWNTs. The third region is called the inter 
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mediate frequency range in Which modes are expected to 
depend on the chirality of the SWNTs. The observed change 
in intensity ratio betWeen tangential and radial breathing 
mode Was explained as a function of tube diameters. The 
dispersive behavior in the intermediate Zone Was not sub 
stantial betWeen the commercially obtained SWNTs and the 
SWNT-magnetite composite in alkaline medium from 
Example 1. Raman laser micrograph for the same block (as 
observed in the side of the block closer to the magnetic ?eld) 
shoWed the aligned bundle of nanotubes. No aligned phase 
Was observed for the sample from the composite block made 
Without the magnetic ?eld. 

[0059] In summary, attachment of magnetic particles to 
nanotubes has been observed using ESEM, STEM, and 
AFM, and the alignment of these nanotubes in the presence 
of magnetic ?elds has be con?rmed by STEM, ESEM, and 
Raman laser microscopy. 

[0060] Publications cited herein and the materials for 
Which they are cited are speci?cally incorporated by refer 
ence. Modi?cations and variations of the methods and 
devices described herein Will be obvious to those skilled in 
the art from the foregoing detailed description. Such modi 
?cations and variations are intended to come Within the 
scope of the appended claims. 

We claim: 
1. A method for aligning carbon nanotubes, the method 

comprising: 
adsorbing magnetic nanoparticles to carbon nanotubes 

dispersed in a ?uid medium to form a magnetic par 
ticle-carbon nanotube composite in the ?uid medium; 
and 

exposing the composite to a magnetic ?eld effective to 
align the nanotubes in the ?uid medium. 

2. The method of claim 1, Wherein the magnetic nano 
particles comprise iron, nickel, cobalt, or an alloy thereof. 

3. The method of claim 2, Wherein the magnetic nano 
particles comprise magnetite or maghemite. 

4. The method of claim 1, Wherein the ?uid medium 
comprises a polymer, copolymer or blend thereof. 

5. The method of claim 1, Wherein the ratio of the 
magnetic nanoparticles to the carbon nanotubes is betWeen 
about 100:1 and 1:2 by Weight. 

6. A method for making a composite material comprising 
aligned carbon nanotubes, the method comprising: 

adsorbing magnetic nanoparticles to carbon nanotubes to 
form a magnetic particle-carbon nanotube composite; 

dispersing the magnetic particle-carbon nanotube com 
posite in a ?uid matrix material to form a mixture; 

exposing the mixture to a magnetic ?eld effective to align 
the nanotubes in the mixture; and 
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solidifying the ?uid matrix material to form a nanotube/ 
matrix material composite comprising the aligned 
nanotubes Which remain aligned in the absence of said 
magnetic ?eld. 

7. The method of claim 6, Wherein the magnetic nano 
particles comprise iron, nickel, cobalt, or an alloy thereof. 

8. The method of claim 6, Wherein the magnetic nano 
particles comprise magnetite or maghemite. 

9. The method of claim 6, Wherein the amount of mag 
netic particle-carbon nanotube composite present in the 
nanotube/matrix material composite is betWeen about 1% 
and 50% of the total dry Weight of the nanotube/matrix 
material composite. 

10. The method of claim 6, Wherein the matrix material 
comprises a polymer, copolymer or blend thereof. 

11. The method of claim 6, Wherein the ?uid matrix 
material comprises a matrix material at a temperature above 
its melting temperature and the solidifying step comprises 
cooling the matrix material beloW its melting temperature. 

12. The method of claim 11, Wherein the matrix material 
comprises a thermoplastic polymer. 

13. The method of claim 6, Wherein the ?uid matrix 
material comprises a solution of a matrix material dissolved 
or dispersed in a solvent and the solidifying step comprises 
removing the solvent. 

14. The method of claim 13, Wherein the matrix material 
comprises a polymer or a ceramic. 

15. The method of claim 6, Wherein the ?uid matrix 
material comprises a crosslinkable matrix material and the 
solidifying step comprises a reaction Which crosslinks the 
matrix material. 

16. The method of claim 15, Wherein the matrix material 
comprises a polymer or polymer precursor. 

17. The method of claim 15, Wherein the matrix material 
comprises an epoxy resin. 

18. The method of claim 6, Wherein the ?uid matrix 
material comprises a matrix material at a temperature beloW 
the temperature effective to initiate crosslinking of the 
matrix material and the solidifying step comprises heating 
the ?uid matrix material to a temperature and for a time 
effective to cause the matrix material to self-crosslink. 

19. A composite material comprising: 

a matrix material; 

aligned carbon nanotubes in at least a portion of the 
matrix material; and 

magnetic nanoparticles adsorbed to the carbon nanotubes. 
20. The composite material of claim 19, Wherein the 

matrix material comprises a polymer. 
21. The composite material of claim 19, Wherein the 

magnetic nanoparticles comprise iron, nickel, cobalt, or an 
alloy thereof. 


